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ABSTRACT

Temperature histories of various nozsle materials systems were
analysed parametrically, and a series of hot-flow tests yore conducted
in support of the analytical study* The analysis showed that ohamber
pressure and gas tempereture affect duration capability significantly,
but throat diameter does note Themophysical properties of the flom
barrier end heat sink also affect duration, but, by comparison, the
offset of variations of thermophysical properties of the insulator and
loed-boaring member is relatively mall. High product of density and
beat capacity, and moderately high thermal conductivity, are desirable
for the flame barrier and heat sink. The beat transfer analysis indicated
that significant increases in nozle duration capability are possible
whem properly oriented anisotropie material is used. Tests of six nozzles
with varying tungsten flame barrier thioknesses shoved fairly good
agrement between calculated temperatures and measured data when no
aluminum ozide was deposited on the walls. When deposition occurred,
the measured temperatures were lower than those calculated; but the
temperatures could be brought close to agreement by considering the
thermal blocking effect of the deposit.
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I. INTRODUCTION

The trend in chemical rocket propulsion is toward the development of

propellant with higher combustion temperatures. As propellant gas tempera-

tures reach and exceed the melting points of most known materials, the prob-

lem of what nozzle materials to use becomes more difficult to solve. As a

prelude to the development of nozzle-materials systems for use in future high-

performance solid rocket motors, this theoretical and experimental investi-

gation was undertaken. The effects of nozzle design and materials variables

on system duration capability were described to indicate the most promising

areas for subsequent materials research and development.

Many complicated factors enter into a proper understanding of nozzle

materials behavior, but the role played by heat transfer is basic to all. The

investigation was accomplished primarily through an analytical parametric

study of the temperature histories of various nozzle systems. A series of

nozzle test firings was made in support of the analytical work. Other areas

of interest, such as thermal stress and erosion characteristics, were not con-

sidered here.

As materials for use at high temperatures are developed, the question

arises of how accurately one needs to know the thermophysical properties to

design a nozzle materials system. Consequently, the effects of errors or un-

certainties in thermophysical properties were also studied, and their relative

importance was determined.

Manuscript released May 1961 for publication as a WADC Technical Report.



H. ANALYTICAL STUDIES

A. PROCEDURE

The current study was conducted with both three-material and

four-material model systems. The three-materials system consists of a

high-temperature flame barrier, an insulator, and a load-bearing member.

The four-materials system consists of a high-temperature flame barrier, a

high-temperature heat sink, an insulator, and a load-bearing member.

The design variables investigated were the following:

I. Chamber pressure

2. Gas temperature

3. Throat diameter

4. Radius of curvature of the throat

5. Material thickness

The material variables investigated were the following:

i. Thermal conductivity

2. Product of density and heat capacity

3. Maximum allowable material temperature

Table I is a list of some materials that have been used, are cur-

rently being developed for use, or are suggested by this study for use in nozzles.

They are grouped by distinguishing characteristics and their function in a three-

or four-materials system. The range of thermophysical properties of these

materials is compiled in Table 2.

In determining the effects of the design and materials variables, the

following procedure was used. Material thicknesses were arbitrarily chosen and

put into a digital computer (either the IBM 704 or IBM 7090 were used) along with



II, A, Procedure (cont.)

other design data and material properties. This was basically a parametric

study; constant material properties were chosen thatwere representative of

values for actual materials. The analysis assumed one-dimensional heat

transfer to a hollow cylinder; in some cases, however, two-dimensional,

axisymmetric heat-transfer calculations were made. The values used for

the convective coefficients of heat transfer to the nozzle wall were typical of

alumirized polyurethane propellants, assuming no particle deposition (see

Appendix I). The computer outputs, which were temperature histories, were

then evaluated to determine the effects of the variables of interest. The com-

puter program and the outputs are discussed more fully in Appendix II.

A single three-materials system and a basic set of design condi-

tions were chosen as references. The reference system was tungsten-asbestos

phenolic-steel. The basic design conditions were 1000 psi chamber pressure,

7000"F gas temperature, 4 -in. throat diameter, and a throat radius of curva-

ture-to-throat radius ratio of infinity (the case for a hollow cylinder). Repre-

sentative material properties used for the reference system are listed in

Table III.

Design conditions and material properties were varied in turn.

The four-materials system was studied by introducing heat sinks with various

properties and evaluating the effect on temperature distribution and duration.

In most cases, conditions were investigated only at the throat.

However, the methods used can be extended to other parts of the nozzle by se-

lecting the appropriate combination of chamber pressure and throat diameter.

3



II, Analytical Studies (cont.)

B. THREE-MATERIALS SYSTEMS

i. Effect of Design Variables on Duration Capabilitr

a. Optimum Duration

Nozzle material thicknesses may be represented by

nozzle weights per unit length. The minimum weight of a particular nozzle

materials system, for a specific set of design conditions, is obtained when

the material thicknesses are minimum and the maximum allowable tempera-

ture of any of the materials is not exceeded. For a particular chamber pres-

sure, gas temperature, throat diameter, and materials system, there is a

minimum nozzle weight for each duration.

Nozzle weight per unit length at the throat section is

plotted as a function of duration in Figure I for the reference system, tungsten-

asbestos phenolic-steel, and for design conditions of 1000 psi, 7000*F, and

4. 0-in. throat diameter. The flame barrier and insulator thicknesses were

minimized at each duration and the steel thickness was kept constant at 0. 25

in. This thickness of steel does not absorb any significant amount of heat and

could have been neglected in the heat transfer calculation. Small changes in

insulator thickness will have a great effect on steel temperature, but a negli'

gible effect upon weight. For example, the following sets of thicknesses re-

sult in weights per unit length and surface and interface temperatures at the

end of 120 sec:

Asbestos Asbestos
Tungsten Phenolic Steel Tungsten Phenolic Steel

Thickness, in. 3.350 0.250 0.250 3.350 0.200 0.250

Temperature, *F 6109 3010 376 6109 3020 1271

Wt/length, lb/in. 55.46 55.33

4



II, B, Three-Materials Systems (cont.)

A 0. 050-in. change in insulation thickness results in a 900°F change in steel

temperature, but a difference of only 0.13 lb/in. in throat weight per unit length.

For this reason, it was considered sufficient to have the steel within a few hun-

dred degrees of its allowable temperature when calculating minimum nozzle

weight.

The initial weight increase shown on the curve of Figure i

is nearly proportional to the duration increase. Then, the slope of the curve

changes abruptly and small additional increases in duration are accompanied by

very large increases in throat weight per unit length. At short duration, the

maximum allowable temperature is reached only in the insulator and load-bear-

ing members, but not in the flame barrier. At higher durations, on the steep

portion of the curve, the flame barrier and load-bearing members reach their

limiting temperatures, but the insulator does not.

At the point where the slope of the curve changes ab-

ruptly, and only at this point, the maximum allowable temperature is reached

simultaneously in all three materials. If we consider that maximum use is

made of a nozzle material when it is heated to the highest temperature it can

withstand under the given conditions, then only at this point is maximum use

made of each material in the system. For this reason, the point is called an

optimum point, and the duration at which it occurs is called an optimum dur-

ation. For the three-materials system, the optimum duration is a practical

indication of duration capability because, once reached, nozzle duration can

be extended only a short time by increasing the material thickness. Soon a

point will be reached at which no further increases in duration are possible,

unless some of the design conditions are changed.

Figure 2 shows the effect of chamber pressure on the

position and shape of curve shown in Figure I for throat weight per unit length

vs duration. Decreasing the chamber pressure results in an increase in opti-

mum duration. At chamber pressures of 600 psi and below, the optimum

5



II, B, Three-Materials Systems (cont.)

duration is so great (beyond 350 sec) that it is not shown on the curve. Although

such high durations are beyond any contemplated for the forseeable future, they

are valid as a measure of the relative effect of chamber pressure.

Figures 3 and 4 show the effects of gas temperature and

throat diameter, respectively, on minimum nozzle weight. An increase in gas

temperature results in a decrease in optimum duration. An increase in throat

diameter results first in a decrease then a small increase in optimum duration.

This effect of increasing throat diameter is the result of the balancing of two

effects: (1) the increased heat transfer to the wall due to the geometry change

(increased ratio of inner-to-outer diameter), and (2) the decreased heat trans-

fer to the wall e ie to a. decrease in the convective heat transfer coefficient

(resulting directly from the increased diameter). At higher diameters, the

curve changes a slope a short distance above the indicated optimum point.

The relationship between the design conditions and opti-

mum duration is shown more clearly in Figure S. Here, optimum duration is

plotted as a function of chamber pressure, gas temperature, and throat diameter.

Each curve was obtained by cross-plotting the optimum points shown in Figure 2

through 4 as a function of the design variable. Small increases in chamber pres-

sure or gas temperature result in very large decreases in optimum duration, but,

by comparison, a change in throat diameter affects optimum duration very little.

Increases in optimum duration that result from decreases

in chamber pressure or gas temperature always result in nozzle weight increases.

This is because a decrease in pressure or temperature requires an increase in

material thickness for the same allowable temperatures to be reached simulta-

neously in all three materials. It is therefore of interest to investigate the effect

of these variables on systems of equal weight.



I, B, Three-Materials Systems (cont.)

b. Duration Capability for Systems of Constant Weight

The manner in which chamber pressure and gas tem-

perature affect duration for systems of equal throat weight per unit length is

shown in Figare 6. Nozzle duration capability is plotted for the tungsten-as-

bestos phenolic-steel system as a function of the design variable, for constant

throat weight per unit length. The curves show a significant decrease in dur-

ation capability with an increase in either chamber pressure or gas temperature.

This decrease becomes more marked at higher durations. Also shown on these

curves is the optimum duration. At or near the optimum line, the direction of
curvature changes. Above the optimum point, weight increases very rapidly

for small increases in duration. A similar curve could be drawn for throat

diameter, showning a generally similar trend.

c. Maximum Duration Capability

While the optimum duration is a practical indication of

duration capability of a particular system at specified conditions, operation

above the optimum may sometimes be necessary. Above the optimum, nozzle

duration can be extended a short time by increasing the flame barrier thickness.

Eventually, a point would be reached when any further increases in flame barrier

thickness would not result in an increase in the time necessary for the surface

temperature to reach a predetermined value (the maximum allowable material

temperature). Finding this maximum duration is equivalent to the problem of

heat transfer to an infinitely thick hollow cylinder, which was solved by Caralaw

and Jaeger ( ) . The solution is plotted in Figure 7.

i. H. S. Carelaw and J. C. Jaeger, Conduction of Heat in Solids, Znd Edition,
p. 338.

7



HT, B, Three-Materials Systems (cont.)

Application of this solution to the reference case shows
that the maximum duration for the tungsten-asbestos phenolic-steel system
lies between 210 and 280 sec (the curve cannot be read any more accurately in
this region). The optimum duration for this case is 120 sec.

d. Effect of Radius of Curvature at Throat

The effect of the radius of curvature at the throat was
determined by comparing temperature histories of nozzles with different ratios

of throat radius of curvature-to-throat radius. The heat transfer calculations
in this case were two-dimensional asisymmetric. Results for the tungsten-
asbestos phenolic-steel system are shown in Figure 8. The curves in Figure 8
show temperature-time distributions in the throat sections of nozzles with radius
ratios of 0. 5, 2, and infinity; the case for infinity corresponds to a hollow cy-
linder. The nozzle configurations are shown in Figure 9. Each nozzle has a
15-degree exit-cone half-angle and a 29-degree approach-section angle. The
difference in surface temperature which results from using two different radius
ratios (0. 5 and 2. 0) is approximately 1%, and the difference in duration which
results is approximately 8%. A similar curve was calculated for a nozzle with
a bell-shaped exit section but is not shown. It would lie between the cases for
radius ratios of 0.5 and 2.

The curves shown in Figure 8 also provide a compari-
son between one- and two-dimensional heat transfer calculations. The surface
temperature calculated assuming one-dimensional heat transfer is 3. 2% lower
than the closest two-dimensional case, and the duration is nearly 40% greater

(based on the two-dimensional case). This result is not universal for all one-
vs two-dimensional heat transfer calculations, however. The size and shape
of the nozzles being compared are important factors. For example, in the two
test nozzles for which both one- and two-dimensional heat transfer calculations
were made, the temperature calculations assuming one-dimensional heat trans-

fer was slightly higher.

8



II, B, Three-Materials Systems (cont.)

2. Effect of Material Variables

a. The rmophysical Properties

The material variables of primary interest are the
thermophysical properties -- thermal conductivity, the product of density

and specific heat (p c p), and the max:imurn allowable material temperature.

The effects of the thermophysical properties on opti-

mum duration are shown graphically in Figure 10. Optimum duration is

plotted as a function of thermal conductivity for two products of density and

specific heat for the insulator and the flame barrier.

The products of density and specific heat shown are

approximately equivalent to those for tungsten (41. 3 Btu/cu ft- °F), titanium

carbide (76. 5 Btu/cu ft- *F), asbestos phenolic (41.9 Btu/cu ft- °F), and porous

silicon carbide (12. 5 Btu/cu ft- *F). The other figures shown on the graph are

throat weight per unit length.

The curves in Figure 10 show that, for the insulator,

a change in either thermal conductivity or the product of density and heat ca-

pacity has a negligible effect on optimum duration, while an increase in ther-

mal conductivity of the flame barrier results in a very great increase in opti-

mum duration. Also, an increase in the product of density and specific heat

in the flame barrier results in a significant increase in optimum duration.

Increases in optimum duration, resulting from increases in thermal conduc-
tivity are accompanied by increases in nozzle weight.



II, B, Three-Materials Systems (cont.)

Although it may seem unusual to be able to increase

duration capability by using a "poorer" insulator, the reason is quite clear.

As insulator conductivity increases, heat is transferred from the flame bar-

rier more rapidly; the time required for the flame barrier to reach its limit-

ing temperature is therefore increased.

All of the weight cakulations shown in Figure 10 were

made for one insulator density and one flame barrier density. The weight de-

crease shown for different products of density and heat capacity, therefore,

represents the influence of heat capacity only. Although the change in weight

is small, and it is reasonable to expect that the material system capable of

absorbing more heat will weigh less to do the same job, an increase in specific

heat is the only means by which ultimate capability (as indicated by optimum

duration) can be increased with a corresponding decrease in nozzle weight.

The weights shown in Figure i0a were calculated by

assuming a density of I10 lb/cu ft for the insulating material. Usually insu-

lators with a low value of the product of density and heat capacity have lower

densities, while those with a higher value (of about 50 to 60 Btu/cu ft °F) tend

towards higher densities (Table 2). The weights shown in Figure 10 could be

reduced by 1. 5 lb/in. by substituting a low-density insulation and increased

as much as 6 lb/in. by substituting a high-density insulation. The flame bar-

rier density is 1170 lb/cu ft. Flame barrier densities vary much more widely

and have a much greater effect on nozzle weight than do insulator densities.

To dissociate the effects of the thermophysical proper-

ties on duration and weight, duration was plotted as a function of conductivity

for systems of equal weight. The resulting curves are shown in Figure It.

10



II, B, Three-Materials Systems (cont.)

At low thermal conductivity levels, increases in flame

barrier conductivity are indicated by the curves in Figure i i to result in in-

creases in duration capability. At moderate and high conductivities, further

increases in conductivity have a negligible effect on duration. Duration drops

off sharply after the limiting temperature of the insulator is reached, because

the flame barrier is then operating below its allowable maximum.

As the nozzle weight (flame barrier thickness) is in-

creased, the value of flame barrier conductivity above which there can be no

further increases in duration is also increased.

b. Maximum Allowable Material Temperature

The proper choice of maximum allowable, or limiting,

material temperature is based on knowledge of the behavior of the material at

conditions under which it will be used. Choice is also dependent upon the func-

tion of the material in the system. The temperature limitation of the flame

barrier is thus below the melting temperature and is influenced by the melting

or softening point and by design conditions such as chamber pressure and ma- -

terial thickness. The limitation of the heat sink and insulator is the tempera-

ture above which these components can no longer transmit pressure forces to

the load-bearing member. Since these materials are in the interior of the

system, the possibility of decomposition must also be considered. The load-

bearing member is limited by the relationship between temperature and yield

strength.

In this study, the choice of maximum allowable flame

barrier and heat sink temperatures was somewhat arbitrary, being based on

limited knowledge of material behavior at very high temperatures. Some value

close to and below the melting point was chosen. For the plastic insulators,

asbestos phenolic for example, 3000"F was chosen as the limiting temperature.

11



U, B, Three-Materials Systems (cont.)

Although the phenolic resin begins to decompose at approximately 600°F, this

insulation material has been successfully tested by Aerojet-General at tem-

peratures above 3000°F when the nozzle design included passages for the es-

caping gas. The limiting temperature of the load-bearing member was taken

as the temperature at which the slope of the yield strength curve changes

sharply.

It was not the object of this study to provide sufficient

information about material behavior so that a proper choice of limiting tempera-

ture may be made. What was determined, however, was the effect of a change

in the choice of maximum allowable material temperature on duration and weight,

once such a choice has been made.

In Figure 12, throat weight per unit length is plotted
as a function of duration for the reference system and design conditions. With

the allowable temperature of the insulator kept constant at 3000°F, the allow-

able temperature of the flame barrier was decreased to 5800*F. With the al-

lowable temperature of the flame barrier kept constant at 6100*F, the insulator

allowable temperature was varied to i500OF and 40000F.

Increasing the limiting temperature of the flame barrier

increases the duration or decreases the weight for the same duration, at dur-

ations above the optimum. At or below the optimum duration, an increase in

the limiting temperature of the flame barrier has no effect on weight or dur-

ation because the limiting temperature is not reached in the flame barrier.

The maximum duration of the system with a 5800*F allowable flame barrier

temperature is approximately 95 sec, as compared to more than 200 sec for the

system with a 6100*F limitation.

2



II, B, Three-Materials Systems (cont.)

increases in allowable insulator temperatures also re-

sult in duration increases and weight decreases, but only at durations below the

optimum. At or above the optimum, the limiting insulator temperature is not

reached, so any increases in the allowable temperature have no effect. In-

creases in insulator allowable temperature actually result in decreases in opti-

mum duration. because the portion of the curve above the optimum is extended

downward to the new allowable temperature. The effect of an increase in insu-

lator allowable temperature becomes smaller at higher allowable temperatures.

Maximum allowable material temperature is an im-

portant material property only in its relationship to the gas temperature. For

example, if the allowable temperature of the material were high in comparison

to the gas temperature, the duration would be longer, or the nozzle would weigh

less, than if the allowable material temperature were low. The relationship

between the maximum allowable flame barrier temperature and the gas temper-

ature may be expressed as a dimensionless temperature ratio,
T -

*, where = gas T allow
T Tgas 0

Raising the allowable flame-barrier temperature has

very nearly the same effect on weight and duration as lowering the gas tempera-

ture. For example, ajgas temperature of 8000°F and an allowable temperature

of 7000*F corresponds virtually to a gas temperature of 70000F and an allowable

temperature of 6126"F. The two cases will be almost exactly the same if the

allowable insulator temperature is also changed, so that the dimensionless tem-

perature ratios based on insulator allowable temperatures are equal in both

cases. Otherwise, there will be a difference of several hundred degrees between

the attained and allowable insulator temperatures. This assumes that very small

changes in insulator thickness are required to maintain the load-bearing member

at its allowable temperature, with a resultant negligible weight change.
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II, B, Three-Materials Systems (cont.)

The effect of dimensionless temperature ratio on opti-

mum duration is plotted in Figure 13 for a simulated tungsten flame barrier.

The flame barrier properties were identical with those used for tungsten, ex-

cept that the maximum allowable temperature was varied from 4700 to 70000F.

Although the high value is considerably higher than the melting point of tungsten,

its use is justified because the object here is to investigate the trend of the

curve rather than the performance of any specific materials.

The curves in Figure 13 are for allowable insulator tem-

peratures of 1500, 3000, and 4000°F at a chamber pressure of 1000 psia. The

curves take the same shape as the curve of optimum duration vs gas tempera-

ture. As the maximum allowable flame-barrier temperature approaches the

gas temperature, the optimum duration increases very rapidly. The increases

in optimum duration are, as usual, accompanied by weight increases, but the

weight increases become smaller as + approaches zero.

C. FOUR-MATERIALS SYSTEMS

1. Use of a Heat Sink

A heat sink in a nozzle materials system will:

a. absorb heat entering the system and keep it from reach-

ing the insulator,

b. keep the flame barrier cooler than if it were backed by

an insulator alone, and

c. reduce the weight of the system when it replaces part

of the higher-density flame barrier. A heat sink should be used when:

14



II, C, Four-Materials Systems (cont.)

(1) the flame barrier cannot absorb enough of the

heat entering the system to protect the insulator,

(2) the gas temperature is much greater than the

flame barrier allowable temperature, and

(3) the density of the flame barrier is high in com-

parison with the density of the heat sink which could replace a portion of it.

The effect of the design variables is essentially the same

for the four-materials system as for the three-materials system. That is,

chamber pressure and gas temperature have a very pronounced effect on

duration capability, and the effect of throat diameter is much less signifi-

cant, except for very small diameters. This is seen more clearly if the

four-materials system is considered as a three-materials system in which

either (a) the heat sink and flame barrier are considered as a single flame

barrier material or (b) the heat sink is considered as the insulator. The

first case would apply when the flame barrier of the four-materials system

is very thin and experiences a small temperature drop. The second case

applies when the flame barrier is nearly as thick as the heat sink or ex-

periences a large temperature drop.

2. Effect of Material Thickness

The flame barrier thickness in the four-materials system

should generally be just sufficient to keep the heat sink from reaching its

maximum allowable temperature or to prevent its erosion. The effect of

varying the flame-barrier and heat-sink thicknesses was investigated for the

tungsten-graphite-asbestos phenolic-steel system. The properties used for

graphite were similar to those of ATJ* graphite and are shown in Table 4

with properties used for other heat sinks investigated.

*National Carbon Co. designation

- 15



II, C, Four-Materials Systems (cont.)

Figure 14 shows the effect upon duration of increasing heat-

sink thickness for several constant flame-barrier thicknesses. Increasing the

thickness of the heat sink results in a duration increase and a reduction in the

heat sink-to-insulator interface temperature. The curve in Figure 14 also

shows the duration increase which results when the temperature at the heat

sink-to-insulator interface is kept constant and the flame-barrier surface

temperature is permitted to increase to 61000F. As the flame barrier is

thickened, the duration capability is also increased. However, the nozzle

weight increases more rapidly with increasing flame-barrier thickness than

with increasing heat-sink thickness, because the specific heat of graphite is

more than ten times as great as the specific heat of tungsten. Since the pro-

duct of density and specific heat is approximately equal for both tungsten and

graphite, the total thickness of the flame barrier and heat sink remains es-

sentially equal at any duration.

3. Effect of Material Properties

The effect of heat-sink material properties on duration capa-

bility was studied by comparing the performance of the four heat sinks shown

in Table 4. In addition, a second value was used for the thermal conductivity

of graphite. The results are shown in Figure 15.

A comparison of the curves for graphite shows the effect of

doubling the thermal conductivity. For small heat-sink thicknesses, the effect

of conductivity is negligible. At thicknesses of 1.5 in. or greater, the nozzle

system with the more highly conductive heat sink has a greater duration capa-

bility; this effect increases with increased heat-sink thickness.

16



If, C, Four-Materials Systems (cont.)

The curves for the beryllium oxide and boron carbide heat

sinks again show the effect of thermal conductivity for heat sinks with nearly

equal products of density and specific heat. Here the advantage of using the

higher-conductivity material starts to become significant at I. 2 to t .5 in.

A comparison of the curves for the low-conductivity graphite

and beryllium oxide shows the effect of nearly doubling the product of density

and specific heat while keeping the thermal conductivity constant. Both curves

appear to flatten out at approximately the same heat-sink thickness, but the

curve for the material with the higher product of density and specific heat

shows a maximum of 46% greater duration capability based on the lower dur-

ation.

The curves for boron carbide and high conductivity graphite

also show the effect of the product of density and specific heat. The conductivity

of boron carbide is 22% lower than that used for the high-conductivity graphite

and the product of density and specific heat is 87% higher. Durations with the

boron carbide heat sink are as much as 50% higher for the same thickness.

Again, the strong effect of the product of density and specific

heat is seen in a comparison of the curves for boron carbide and pyrolytic

graphite, with the graphite oriented so that the high conductivity is in the radial

direction. The product of density and specific heat of the boron carbide is 16%

higher, but the thermal conductivity is 80% lower; yet the nozzle system with

the boron carbide heat sink shows durations almost as high, and higher, than

the one with pyrolytic graphite, for thickness up to 3 in. This result corrobo-

rates the finding for the three-materials system: increases in flame barrier

thermal conductivity have an insignificant effect upon duration when the con-

ductivity is already very high (see Figure 10).

17



II, Analytical Studies (cont.)

D. EFFECT OF UNCERTAINTIES IN PHYSICAL PROPERTIES

As materials for use at high temperatures are developed, the

question arises of how accurately one needs to know the thermophysical

properties to design a nozzle materials system.

The effect of thermal conductivity, density, and heat capacity on

temperature distribution is a function of the heat transfer to, and geometry of,

the system. These may be expressed in terms of three dimensionless moduli:

i. the Fourier modulus, F k k9
pc b

2. the Biot modulus, B = --- , and
k

3. the radius ratio R = a
b

The density and heat capacity affect temperature distribution only

through the Fourier modulus, whereas the thermal conductivity affects tem-

perature distribution through both the Fourier and Biot moduli. The effect of

errors in density and specific heat on temperature distribution was found for a

material insulated on the outside; temperature tables for internally heated

'hollow cylinders ( 1 ) were used along with the following equation(2):

F+AF I

F i - + A ._C
p cP CP

1. G. Fluke, Temperature Tables for Internally-Heated Hollow Cylinders,
Aerojet-General Corporation, Technical Memorandum i2i-SRP, October
1959 (Aerojet- General internal publication).

2. F= k0 F+AF= kO _ kO
pcb (p + Ap)(C +AC)b (pc +Apc +pACp+ApAc)b

p p p p p

k6 I F+AF

p +b(1 + +) A+ F.-c.
p p ;c?- p

p p
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II, D, Effect of Uncertainties in Physical Properties (cont.)

The effect of large errors in thermal conductivity cannot be found by this

method because a linear combination of errors in the Fourier and Biot moduli

yields an accurate result for only very small errors in conductivity. The

effect of conductivity errors was found by comparing the results of several

computer runs in which only the thermal conductivity was changed.

Fourier numbers of interest in solid-rocket nozzle heat-transfer

range from about 0. 005, for nonconductive materials with large diameters

or at small times of a few seconds, to about 2, for conductive materials with

small diameters and long durations of approximately 100 sec. Biot numbers

range from about 0. 8 for low chamber pressures, small diameters, and high

conductivities, to about 150 for high chamber pressures, large diameters, and

low conductivities.

Figure 16 shows the effect of errors in density and heat capacity

on exposed and insulated surface temperatures for B = 10, R = 0. 8, and

F = 0. 05 and 0. 10. This combination of conditions would apply to an 8-in.

thick tungsten, hot-flow tested at a pressure of 750 psi at 30 and 60 sec. The

gas temperature for this case is 7000°F, but other calculations show that gas

temperature has a negligible effect upon the percentage error.

Figure 16 shows that errors in either density or specific heat of

20% or less result in surface temperature errors of less than 5%. The effect

of errors in density or specific heat decreases with increasing Fourier number:

at the higher Fourier number a 40% error results in less than a 5% error in

surface temperature. Also, positive errors in density or specific heat (values

greater than the actual) result in negative errors in temperature (values less

than the actual) and vice versa.
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II, D, Effect of Uncertainities in Physical Properties (cont.)

The effect of thermophysical property errors on temperature is

much greater at the insulated than at the exposed surface. The curves of

Figure 16 also show that the insulated surface temperature error which

arises as a result of errors in density or heat capacity is 2 to 2. 5 times

greater than at the exposed surface. For the same conditions, the effect

of errors in thermal conductivity on surface temperature is negligible. A

positive error of 50% or a negative error of 25% in conductivity results in a

surface temperature e'ror of less than i%. Insulated-surface temperature

errors which arise from thermal-conductivity errors, shown in Figure 17,

are many times greater.

Errors in duration that arise from density or heat capacity errors

will have the same magnitude and direction as the errors in density or heat

capacity. This is a direct result of the fact that time appears only in the de-

nominator.

For the conditions discussed, positive and negative conductivity

errors of 20% will result in duration errors of -8% and 12%, respectively.

An examination of many curves of thermophysical properties as

a function of temperature shows that, on the average, the variation in thermal

conductivity between room temperature and several thousand degrees is ap-

proximately 2 to 2. 5 times as great as the variation in heat capacity and 40 to

50 times as great as the variation in density. Although the exact magnitude of

the error will depend on the specific heat transfer conditions involved, generally

errors resulting from uncertainties in thermal conductivity and heat capacity

at elevated temperatures are of the same order of importance, whereas errors

resulting from uncertainties in density are important only for the most precise

calculations.
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II, D, Effect of Uncertainities in Physical Properties (cont.)

The use of constant, am opposed to variable, thermal properties

was also investigated for the basic system. In most heat transfer calculations,

constant thermal properties are used because of the added complexities of

handling variable properties. Sometimes, large errors can result if the

constant properties are not chosen properly. In this case, as shown in Figure

18, only a small difference resulted when constant properties were used. The

difference increases in going towards the outside of the nozzle.

E. EFFECT OF ANISOTROPY

The recent development of pyrolytic graphite, a material that

has considerably different thermal conductivities along different axes, has

created interest in the use of anisotropic materials for nozzles. Since the

initial announcement of the development of pyrolytic graphite approximately

2 years ago, work has been conducted on the development of a group of other

high-temperature anistropic materials, pyrolitic carbides~i ) . Under the

current program, an effort was made to show the possible advantages of

using either a material which is inherently anisotropic or a design in which

anisotropy is figuratively inferred.

Most present-day nozzle designs that incorporate pyrolytic graphite

make use only of its high-temperature limitation and its insulative qualities.

For example, it may be used as a very-high-temperature insulator or as an

insulating flame barrier to block heat transfer to the wall. Its use as a flame

barrier at the throat, however, is in question because the hot surface heats

up quickly to within a few hundred degrees of the gas temperature while the

surface furthest from the gas remains cool; a serious thermal shock problem

is the result.

(t). Being developed by Raytheon Company Research Division, Waltham,
Massachusetts.
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II, E, Effect of Anisotropy (cont.)

For this study, a conceptual nozzle design was made that uses the

high thermal conductivity of pyrolytic graphite parallel to the grain. This de-

sign is shown in Figure 19. The nozzle throat is tungsten and the rest of the

nozzle is made of graphite and pyrolytic graphite, with an asbestos phenolic

insulator and a steel load-bearing member. The pyrolytic graphite is oriented

so that the highest conductivity is in the direction parallel to its longest axis.

The pyrolytic graphite acts as an insulating flame barrier along the surface of

the nozzle in the upstream and downstream sections and, in the interior, con-

ducts heat away from the tungsten throat to cooler portions of the nozzle. The

pyrolytic graphite on both sides of the tungsten conducts heat away from the

hot surface and prevents heat from entering the tungsten throat area from the

side. (Considerable modifications would probably have to be made before such

a nozzle could be built.)

Temperature distribution in the nozzle is shown at 93 sec, when

the tungsten surface temperature reaches 6100*F (Figure 20a). For com-

parison, the temperature distribution in a similar nozzle, with all the pyrolytic

graphite replaced by ordinary graphite, is shown in Figure 20b. The temper-

atures reached in the nozzle with pyrolytic graphite are 470 to 600°F lower

than those in the nozzle without pyrolytic graphite. The tungsten throat of the

nozzle shown in Figure 20b reached 61O0*F at its surface within 53 sec. A

portion of the pyrolytic graphite section that shows temperatures of 6800 F would

have eroded by 93 sec, but this should not seriously affect the condition at the

throat. The high temperatures at the graphite-asbestos phenolic interface indi-

cate that either an insulator with a higher maximum allowable temperature (for

example, pyrolytic graphite) or thicker graphite should be used.
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III. TEST PROGRAM

A. TEST OBJECTIVES

The objectives of the test program were to determine the effects of

flame barrier and insulation thickness upon duration capability, to establish the

proximity of actual to calculated temperature distributions, and to investigate the

effect of aluminum oxide deposition on materials system capability.

B. NOZZLE DESIGN

Six nozzles of 0. 70-in. throat diameter were tested. The three-ma-

terial model was used for the nozzle, and the flame barrier and insulator throat

thicknesses were varied. The nozzle consisted of a tungsten flame barrier, a

zirconium oxide insulator, and a chrome-molybdenum (4130) steel load-bearing

member. Flame barrier thicknesses at the throat varied from 0. 150 to 1. 00 in.,

and insulator thicknesses varied from 0. 155 to 0.55 in. The insulator thickness

was at least large enough to maintain the steel at its maximum allowable tem-

perature of 700°F. Steel thicknesses were 0. i in., except for the nozzle with

the thinnest throat, where design considerations necessitated a 0. 23-in. thick-

ness. Also because of design considerations, the steel member was omitted

from the nozzle with the thickest throat. Figure 2Ia is a sketch of the basic ma-

terials system tested. The nozzles with the two thinnest throats were of slightly

different design. These are shown in Figures Zib and Zic.

The entrance section consisted of a thin graphite cone, cemented

inside a precast zirconium oxide shell. Use of a large heat sink in the entrance

section was deliberately avoided.
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III, B, Nozzle Design (cont.)

The tungsten throat insert was machined from a forging of

95+ percent theoretical density and a purity of 99. 75%, certified by the

vendor. (1) The tungsten was flame sprayed on the outside with zirconium

oxide (Rokide Z) of 72- percent theoretical density. A steel sleeve was

cemented to the outside of the oxide coating. Flat-bottomed thermocouple

holes were then drilled to various depths. The entire nozzle throat assembly

was made by the same vendor.

C. TEST CONDITIONS AND EQUIPMENT

i. Test Conditions

The propellant consisted of a polyurethane rubber matrix

containing ammonium perchlorate oxidizer and 16% aluminum. Nominal

chamber pressure was 350 psi. The calculated combustion temperature was

5750°F at 1000 psi and the actual temperature was estimated to be 5600*F

at 350 psi. Nominal firing durations for the motor were all higher than

calculated expected durations for the nozzle, assuming no aluminum oxide

deposition, and ranged from 50 to 1 10 sec.

2. Test Rocket Motor

The test rocket motor contained an end-burning grain and

had a nominal diameter of 8 in. Nominal length was about 25 in. and firing

durations were increased by using a longer chamber. The chamber was

made of steel pipe and was water-cooled during the test.

(1) Straza Industries, El Cajon, California
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III, C, Test Conditions and Equipment (cont.)

The steel aft closure shown in Figure 22 was designed to

accomodate thermocouples. The nozzle assembly was cemented to the aft

closure, which was bolted to the motor. Figure 23 is a photograph of a

typical aft closure assembly before firing. The thermocouple connection plugs

are shown wrapped with insulation material.

3. Instrumentation

Pressure was measured with a Taber pressure transducer

by means of a pressure tap in the aft end of the chamber. This was connected

to a continuous recorder. Two readings were taken and averaged.

Each nozzle was instrumented with six thermocouples, all

located at the throat at various depths. Four types were used: tungsten/

tungsten-26% rhenium, tungsten/rhenium, platinum/platinum -13% rhodium,

and chromel/alumel.

The use of tungsten-type thermocouples represented an

attempt to measure temperatures above 3200*F near the hot surface of the

flame barrier. Neither of the two tungsten/tungsten-rhenium thermocouples ( i )

produced any usable results. The tungsten/rhenium thermocouples ( l ) were

insulated with beryllium oxide and were assumed to be reliable up to 4000*F;

one of the 10 used was chosen at random and calibrated between 2000 and

4000'F. The calibration data agreed very well with the accepted calibration

curve for tungsten-rhenium. During the tests, some of these thermocouples

showed signs of erratic behavior at about 3000*F.

(I) Continental Sensing, Inc., Melrose Park, Ill.
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III, C, Test Conditions and Equipment (cont.)

Four thermocouples of the first three types were used to

measure temperatures in the tungsten. One platinum/platinum- 1 3% rhodium

thermocouple measured the temperature in each insulator and the temperatures

in each steel section were measured with one chromel/alumel thermocouple.

Two thermocouples were placed in the insulator of the nozzle in which the

steel load-bearing member was omitted. The thermocouples, except for the

tungsten/ tungsten-rhenium, were secured with Swagelok fittings ( i ) . Table 5

shows the locations of the thermocouple holes. The radial distances from the

nozzle axis were obtained from prefiring measurements of the depths of the

holes, the throat radii, and the outside diameter. These were checked against

direct measurements of two holes in each nozzle after the nozzle was hot-flow-

tested and sectioned. The measurements agreed within 0. 005 in.

D. PROCEDURES

Each nozzle assembly was inspected after receipt. The throat

diameter was measured to the nearest 0.001 in. and the average of four read-

ings was taken. The depths of the thermocouple holes were measured to the

nearest 0. 001 in. Photographs of the nozzle and aft closure were taken

immediately before and after firing. During firing, the nozzle was photographed

with high-speed motion picture and closed-circuit television cameras. After

disassembly, each insert was photographed, and the throat contour was traced

on transparent paper with an optical comparator at a magnification of 10X.

The throat area was then measured from the trace (shadowgraph) with a

planimeter. The diameter after firing was calculated by assuming a true circle.

The nozzles were cut in half along the long axes and photographed again; each

cut was made through two of the thermocouple holes, and the distance to the

inside nozzle surface was measured directly.

(i) Swagelok Tube Fittings, Cleveland, Ohio.
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III, D, Procedures (cont.)

Temperature distributions were calculated for each nozzle, assuming

one-dimensional heat transfer and a heat transfer coefficient based on constant

nominal pressure. Two-dimensional, axisymmetric heat transfer calculations

were also made for the nozzles with 0.45 and i.00-in. tungsten throat thicknesses.

The calculated temperature distributions were then compared with the thermo-

couple readings for the nozzles in which no aluminum oxide deposition occurred.

Where deposition occurred, the measured temperature data were used to obtain

an experimental heat transfer coefficient. The difference in resistance to heat

transfer represented by the experimental and theoretical heat transfer coefficients

was assumed to be a measure of the resistance offered by the deposited oxide

layer. This was compared to the measured deposit thickness and an average

thermal conductivity was obtained for the deposit.

E. TEST RESULTS

Photographs taken immediately after testing of each of the six nozzles

are shown in Figure 24. (The nozzle shown in Figure 24c is an exception to this

statement, as the photograph taken immediately after firing was not usable; the

one shown was taken after disassembly of the aft closure.) The nozzles are

arranged in order of decreasing tungsten throat thickness. Considerable depo-

sition occurred where the nozzle throats were thick. The thinnest nozzles were

burned through during the firing. The test results are summarized in Table 6.

Pressure vs time, temperature vs time, and shadowgraphs for each nozzle are

shown in Figures 25 through 40. Shadowgraphs were not taken of the two nozzles

that burned through during firing. Ignition delays of approximately 10 sec occurred

in tests No. 3 and 4 and are shown graphically in Figures 27, 28, 32, and 33.

The amount of aluminum oxide deposition, as determined from the

shadowgraphs, is shown as a function of tungsten throat thickness in Figure 41.
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III, Test Program (cont.)

F. CORRELATION OF TEST DATA

1. Discussion of Nozzle Burnthrough

The nozzle designs were such that the thinnest sections were

upstream of the throat. A hoop-stress calculation (M shows that 0.08-in. -thick

tungsten is required at an area ratio of 3. 2, upstream of the throat, for a chamber

pressure of 350 psi. The tungsten inserts in the two nozzles that failed during

firing were 0. 10 and 0. 13 in. thick, respectively. These values are represented

by safety factors of 1. 3 and i. 6. It is postulated that the failure of these two

nozzles occurred in the entrance section when the insulation was heated beyond

its softening point and could no longer transmit load to the steel. The tungsten,

forced to carry the full load, yielded and failed.

Calculations show that the insulator at the throat should reach

its assumed limiting temperature of 4600*F at 6 and 14 sec for the 0. 15-in. -

thick and the 0. 30-in. -thick tungsten, respectively. The time for the insulation

in the entrance section to reach the same temperature was not calculated, but

should be approximately the same, or a little greater, because of the balance

between decrease in heat transfer coefficient and decrease in tungsten flame

barrier thickness. The pressure and temperature curves indicate that burnthrough

started at approximately 1. 5 and 3. 5 sec after ignition for the nozzles with

0. 5-in. -thick and 0.30-in. -thick tungsten, respectively. The starting of burn-

through so soon after ignition could be attributed either to an assumption of too

high a value for the limiting insulator temperature or to a slight crack in the

tungsten that went undetected because it occurred after assembly. In this

(1) Pdin
(1) t =- --- wall thickness, in.

where: P = 0.976 (350) psi
d t +0.70 in.
a= 2000 psi allowable stress for tungsten at 4800'F

= 32" entrance angle
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III, F, Correlation of Test Data, (cont.)

instance, thermal shock was discounted as a reason for failure because the

thickest nozzles, which remained intact, should have suffered the most severe

shock.

The next larger insert (0.45-in. tungsten throat thickness)

was 0. 13 in. thick at its thinnest section. Although the throat remained intact,

a portion of the entrance section was burned through to the steel shell (Figure 42).

2. Comparison of Calculated Temperatures with Test Data

For the two thinnest nozzles, calculated temperatures and

the test data agree fairly well, but, because of deposition, the results for the

other nozzles show consistently lower temperatures than calculated.

In tests No. 4 and 5, the two thinnest nozzles, the thermo-

couples in the tungsten at the section where burnthrough occurred show lower

temperatures than those on the opposite side and show the greatest temperature

rise after burnthrough started, as indicated by the pressure curves. These

thermocouples were probably not operating after about 3. 5 sec and are not

represented on the comparison curves. In addition, TN 3 on test No. 4 was

inoperative and is not shown.

In test No. 4, where 0. 030-in. -thick tungsten was used,

agreement was excellent for thermocouples TN I and TN 2 (Figure 43). The

calculated temperatures began at the end of the ignition delay of 9.7 sec.

After 30 sec, the pressure was very low, with a corresponding reduction in

heat transfer coefficient. This probably accounts for the leveling off of the

temperature shown by TN 3.

In test No. 5, where 0. 15-in. -thick tungsten was used,

agreement was fairly good for TN I and TN 2 (Figure 44). The measured
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.III, F, Correlation of Test Data

insulator temperature (TN 3) was far below the calculated value; the discrepancy

is probably a result of improper installation of the thermocouple. The insulator

material is such that particles come off when it is scraped. The scraping action

of the thermocouple when installed could easily rub off enough particles to cause

a large displacement of thermocouple location. A difference of 0.03 in. in

location could result in temperature error of 25%.

A two-dimensional heat transfer calculation made for the

nozzles of tests No. I and 2 and shown in Figures 45 and 46 account for only

a very small portion of the difference between measured and calculated

temperatures. The remainder of the difference was ascribed to aluminum oxide

deposition. An attempt was made to determine an average ht 1t transfer coef-

ficient for the entire firing time by comparing the measured data with temperature

distributions calculated by assuming various heat transfer coefficients as shown

in Figure 47. The result was an "experimental heat transfer coefficient"

(hexp). Assuming a steady-state condition exists between the film and the wall,

the difference between reciprocals of the experimental heat transfer coefficient

and the heat transfer coefficient calculated from the average chamber pressures

should be equal to the average thermal resistance of the aluminum oxide film.

The film resistance is compared with the average film thickness, and a film

conductivity (kf) is calculated. The average film thickness is taken as half

the thickness measured after firing. The calculation is summarized in Table 7.

Values of kf found by this method average 5.4 Btu/hr-ft-*F. The best available

data for solid aluminum oxide ( l ) show conductivities of about 5. 8 Btu/hr-ft-°F

for the dense material, when the data are extrapolated to the melting point; this

is an excellent agreement. No data are available for the conductivity of molten

aluminum oxide. This calculation demonstrates that temperature data and

deposition thickness can be correlated.

(1) A. Goldsmith and T. E. Waterman, Thermophysical Properties of Solid
Materials, WADC TR 58-475, October 1958, p. VII-M-1.
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IV. CONCLUSIONS

A. ANALYSIS

1. For a nozzle materials system, an optimum balance between
duration and material thickness may be found. This optimum is a practical

measure of duration capability; above it, nozzle weight increases rapidly for

small increases in duration.

2. Optimum duration decreases rapidly with small increases in

chamber pressure or gas temperature, but increases in throat diameter for di-

ameters above 4 in. affect optimum duration only slightly.

3. In constant-weight systems, increases in chamber pressure

or gas temperature result in decreases in duration; the effect is greater at

higher durations.

4. Flame-barrier and heat-sink thermophysical properties

significantly affect duration capability, while insulator and load-bearing member

properties do not. Flame barriers should generally have moderately high

thermal conductivities, high products of density and specific heat, and low

densities. A high product of density and specific heat is more important than

high conductivity in selecting heat-sink materials.

5. Four-material systems can be designed lighter in weight
than three-material systems because heat sinks usually have lower densities

than flame barriers.

6. Increases in maximum allowable material temperature result

in duration increases or weight decreases; the increase or decrease is above

the optimurm point for the flame barrier and below the optimum for the insulator.
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IV, A, Analysis (cont.)

7. Thermal conductivity and heat capacity errors that result from

uncertainties in thermophysical properties at elevated temperatures are of the

same relative order of importance, but errors resulting from uncertainties in

density are important for only the most precise calculations. Positive thermal

conductivity errors and negative density or heat-capacity errors will result in

conservative estimates of duration capability.

8. Use of a properly oriented anisotropic material could result

in increased duration capability. [

B. TEST PROGRAM

i. The test data show that it is possible to predict nozzle

temperatures fairly accurately only when no deposition occurs on the nozzle

wall during firing.

2. When deposition occurs, the measured temperature is lower

than the calculated value but may be brought very close to agreement by con-

sideration of the deposit thermal blocking effect in the calculation.

3. The amount of deposition that occurs during a firing increases

as the heat-sink thickness increases, resulting in longer durations than could

be achieved with the lower surface temperatures due to increased thickness

alone.

4. Insulator temperatures are difficult to measure accurately

because of the difficulties involved in obtaining a good seat at the bottom of the

thermocouple hole and in measuring thermocouple locations accurately.
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V. RECOMMENDATIONS

A. MATERIALS RESEARCH AND DEVELOPMENT

The following areas are most promising for future materials re-

search and development, as applied to solid rocket nozzles.

1. Use of the following criteria, listed in order of importanceto

determine the potential of future nozzle materials from the heat transfer point

of view.

a. flame barriers

(1) high allowable temperature

(2) high product of density and specific heat

(3) moderately high conductivity

(4) moderately low density

b. heat-sink materials

(1) high product of density and specific heat

(2) moderately high conductivity

(3) low density

(4) moderately high allowable temperature

c. insulator

(i) high allowable temperature

d. load-bearing member

(1) low density
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V, A, Materials Research and Development (cont.)

2. Development of boron carbide for use as a nozzle heat-sink

material.

3. Development of techniques to manufacture high-temperature

anisotropic materials so that either the conducting or insulating properties may

be used in any direction desired.

B. NOZZLE BEHAVIOR INVESTIGATIONS f
In addition to the above areas for materials research and develop-

ment, the following areas hold promise for future analytical and experimental

investigations to obtain significant knowledge of nozzle behavior:

i. Effects of induced thermal stresses, thermal shock resistance

of materials, and effects of erosion characteristics on duration capability should

be investigated.

2. The effects of aluminum oxide deposition should be studied,

especially the mechanism of deposition, the properties of the deposit, and the

use of the deposit as an auxiliary flame barrier to block heat transfer to the

wall.

3. Attention should be given to the use of anisotropic features

in nozzle design. The use of anisotropic materials is merely a first step in

this direction. The possibilities of conducting heat more efficiently to the

cooler sections of the nozzle, perhaps with finned flame barriers, should be

investigated.

4. A more detailed study of weight vs duration, especially as

the entire missile system is affected, would be helpful to nozzle design.
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TABLE I

LII]Y NOZZLE MaT]IAIS

Function Ibterial Charoteritis

l7aao hWrie 1. Refractory etals igh ooduotivity
(W, Ta-W, Mo) 11gb demity

2. Graphites Yloderate omgan ttivity
low deoitr

3. Refractory Carbidos Low conducvity
(Etc, T&C, Tic, zrC) gb selti points

14. Pyro iO Or, bitA,
Pyrolytic Carbides Anisotop

Beat Sink 1. Orapbitos Eigh-T~erate Limitation

2. Beryllium Oxide High specific heat

3. Boron Carbide (0.0.14 EDt )

Insulator 1. Plastics (Reframil or L" conductivity
Asbestos Pbenolic,
Graphite Cloth with

Phenolic Rosin)

2. Ceramics (ZrO2 , AIO Rsetmprue
Porous 8.0) 39 dliitation

Load-Bearing 1, Steels

2. Titanium Alloys Strsth at elevated

3. Super-Alloys (Udimet, Upr v

4- W-o Aloys astelloy)
4. V-3 Alloys
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TABLE 2
DAD W TI0ALNEI FROM& DNA 22M IN=3 MUMAT~

material IM9 k,J1~ M , , m3w PUtgo

YTmb 12" 70-3500 0.03-0.05 0.14k no0 6170 1.1
2awaobmsutas 01.-l 32.7.4. 260040 1~.-- 20 5000 6, 6,tufes,

!omomal Co.
mbikiI= 61-k 10.2 0 .063-0-10 100..4c 630 1.70 6
UAstl Carbd 5.3 054466 0.-.073- O0-500 760 7030 5
?intolus Carbide 26.6-31.8 533411. 0.05-0.063 500.1.50 6s9 7W0 5
fitusi Carbide O5E mam 35-2.8 90-3.8 0.2140.22 70400 306 go0 3,.4
ZMi*..M CoiN 4. 18.3-2a 0130 0OA .On-l-.170 500.1.50 1.1 6356 5

Aat.J2 50. 1704000 0.17.0.5 60.3m m0 2 6 600" 5,Naoa caroGo.
W.M 12046.5 70-3900 0.2-0.5 70.350 21? 660m atama outm C.

3y'U 35-A1 70-75 0M43-.30 70-750 210 6i00* slywom 0.

(amlast) 2 06-0.176 70-21.7 0.2.0j.S 70"2470 12.0 6600" laqtheft 0.
-ua).I

Uu~lljm Ood M5 doo 46-9.1 1.0045 0.30.145 65-240 179 W.63 3
alow Cabide 70.5-37.5 932-129 Q0.1.7.0 604600 156 1.I". 3
Alutsvilts,
(Dt*glfhm2aU um0 0.2064.1.5 0.3m0 0.t-0.37 0-3000 IM3 3000# 7
Ambeetos Fhu2j 1.6-479 0.206740 21.00 0.2970.3k 220.1.0 226 30OO Jda bmnvlso-
Zzu.Uinm cmi Nurton or 0.1.054.1.6 60200 0.175 80- 0 30 WN3 Dew. C.
A1molso Oldd .30 duals 9.6-1.6 1.0-2610 0.20.0.2fk 66-370 25 3700 it, 1
411lam Col~d 300 do 1.5.4 800-210 0.26&0.33A 704&2 40 1.00 1, Oagmdm C.
lboll 1.3 63.? 70 a.=4 ?0 WA9. 7000 9
Iosmmi z 7.71-16.7 6480 042.0.21" 4m10 2m7 10004500 1Mtew~

?TIUI hilq ini.C- 6.3-U1.3 40-21.0 0.134.207 220-2 I% lOw 1

*as room temee

so subaobo

1. thuonx prgmuiio of Ogrtda Ntw A M.£0 MM-fu-nS 9 16Sou1 1957

go 1. P.5w, sobt safrto , bNAV 1.6 ("i. W.6) 16 how 15.

3. 3-t Val. 3. loostas 1, AW& Nbask 1955

h,. A. S. 0911mith mA T. 3. NI~a"Iffi, lb--DP.Ima pawroloo f 11 Now larAM 31" N-0.1.6, 0.5.6 1950.
5o D. a. ym1, C. a. Puz, Old a- OAW Jr., DeM D~lEaMa1~.t or DeIps... 9011* Naterlal. to 000,2

ar swll Dstrustiftm ~otore UM 4-91k, llm "I to1ums 15 Dim.

60 A. 3. 0,.Mtb 4d T. 3. NAtm lbermaolmal prarlior a" 3.11*S umow MU35"1760 '"1004

7. 3. ]6 Snmompo coqin lots. loo A. Q. Nadral AwrOJt.Omil O-P-oti-, 19 Aalat 1"00

6. V. F. omm man 1. 3. A~imp - f a w of bAmmi 9 le Ihit Pot WI

P. SOW214Plo 9111141A AOMJO.-Oia o .pomm, Ant IWO7
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TABLE 3

REPRESENTATIVE MITERIL PROPERTES OF RM IMC.-SYTE! NLTEALS

Mterial k, Bt/hr-ft-'F , Btq/cu ft-'F Limlting To, OF

Tungsten 60.0 4.3 6100

Asbestos
Phenolic 0.258 14.9 3000

Steel 23.7 52.4 700

TABLE 4

REPRESENTATIVE MATEAL PROPETIES OF HEAT SINKS

Material k,Btu/hr-ft-oF , Btu/cu ft-o7 Limiting Temp, °F

ATJ Graphite 5i6 41.8 6600
25.0*

Pyrolytic
Graphite** 194 67.2 6600

Boron Carbide 40 78.0 4400

Beryllium
Oxide 25 72.3 ia500

* second value of conductivity chosen for cowariuon with WeO.

oriented so that highest conductivity is in the radial direction*

39



TABLE 5

LOCATION OF 7IUmOCOpLus

Tungsten Them- Theimo- Relative Radial Distance MaterialThroat Test couple couple Angular from Nosul. in WhichThicknessin. NO, Noe TYPO Location Axis, In. Located

1 TWI V.E 00 __9 TUI~

* Zirconau 1d
rrx ee'

-- w- rjd
Wio

0 145 te~ 13 ~ a23

W 3 -- __

CAH r- 0.
Tr YPR ( at.

I*5 -U-- -4-

-0--- T*** - - * te
_____1__7_ 13 60 - __ __ __ __

73- - -

-~10r tmgsemthii

FF14 -- U-0 (lawsim-3% rodu

CLllr I obrome/ahm
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Figure 23: Typical Aft Closure Assembly Before Firing
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VII. APPENDIX I

CALCULATION OF HEAT TRANSFER COEFFICIENTS

The equation used to calculate nozzle heat transfer coefficients was

based on the equation for turbulent flow in a pipe (Reference 1):

hD=0. 023 ~08 CL04(1)

Although flow in straight pipes differs considerably from nozzle flow, because

of the more fully developed boundary layer in pipe flow, Equation (1) adequately

describes the nozzle heat transfer coefficient (References 2. 3).

Considering that

G 4W (2)
wD

and W c A tP (3)

Equation (1) reduces to
(cwPc) 0 "8 D 1. 6 C 0 6"

h = 0. 023 W d T p
D . g0.4

In aluminized polyurethane propellants, cw usually varies between 22. 7

and 24 lbm/lbf-hr. In addition, the transport properties of 10 polymethane

propellants with combustion temperatures between 4600 and 5500"F were

C 0.4k0k 6

examined, and the product P was found, for all of the propellants,

to be within 5% of the average value (Reference 4). This product was also

found to decrease, as shown in Figure 1, in the supersonic portion of the
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Appendix I

nozzle. For propellants with higher combustion temperatures, this product
of the transport properties will probably be slightly higher, but the difference

will not have any significant effect on any but the most precise heat transfer

calculations.

Equation (4) then reduces to

p 0 . 8 d t 1. 6  0.4k0.6
P * d 1. k

h =24. 7 c t p (5)d1.8 "0t .4

This equation may be used to calculate heat transfer coefficients along the

nozzle wall. For calculation of throat heat transfer coefficients, Equation (5)

may be further reduced to

PO.8

h =8.95 c (6)

t

The heat transfer coefficient at the throat is then expressed as a function
only of chamber pressure and throat diameter, as is shown in Figure 2.
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NOMENCLATURE

A Throat area, in.
t

C Specific heat, Btu/lb-°F
p

c Mass flow coefficient, Ibm/Ibf-hrw

D Diameter, ft

DT  Throat diameter, ft

d Diameter, in.

dt Throat diameter, in.

G Mass flow rate, lb/ftZ-hr

Btu
h Heat transfer coefficient,

hr-ft -F

Btuk Thermal conductivity, ht-ft- °F

P Chamber pressure, psi

W Weight flow, lbm/hr

11 Viscosity Ibm/ft-hr
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VIII. APPENDIX II

TABULATION OF IBM OUTPUTS

All the computer runs that resulted in tenperature histories of nozzle
material systems are tabulated in the following pages. The cases are grouped
by the variables which were changed for each run. A pressure change is
reflected by a change in heat transfer coefficient. Where one set of tempera-
tures is listed for a case, the time chosen is nearly always the time (usually
to the nearest secord) at which the maximum allowable flame barrier, heat-
sink, or insulator temperature was reached, or, with very long durations, the
time the computer was stopped. In some cases, two durations are shown. The
other duration represents the time when the maximum allowable flame barrier
temperature was reached, even though the limiting insulator temperature was
exceeded. For some four-material systems, weights were not calculated
because it was decided not to represent these systems on a weight basis.
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Appendix II

WADO THERMAL OPTIMIZATION OF NOZZLE MATERIAL SYSTEMS-CsMoGRACEY DEPT 4710

NOMENCLATURE
... .A. ..A E TERaIN*

HTC -HEAT TRANSFER COEFFICIENT#BTU/HResoGFT.F,
TG -GAS TEMPERATUREsF,
TI -SURFACE TEMPERATURE*F,
T2 -INTERFACE TEMPERATURE BETWEEN NAT-I AND MAT-2sFe
T3 -INTERFACE TEMPERATURE BETWEEN MAT-2 AND MAT-39F*
T4 -INTERFACE TEMPERATURE BETWEEN MAT-3 AND MAT-4tFo
TS -INTERFACE TEMPERATURE BETWEEN MAT-4 AND MAT-S#F,
DUR -DURATION9SEC9
WT -WEIGHT PER AXIAL DISTANCEtLBe/IN,
P -MATERIAL DENSITYLBegoV.FT,
K -MATERIAL THERMAL CONDUCITIVITY.UTU/HReFT*F
C -MATERIAL SPECIFIC HEATeBTU/LBF
T MATERIAL MAXIMUM ALLOWABLE TEMPERATURE
MAT-1 -THICKNESS OF MATERIAL NO*loIN.
MAT-2 -THICKNESS OF MATERIAL NO*2dIN*
MAT-3 -THICKNESS OF MATERIAL NO9. IN.
MAT-4 -THICKNESS OF MATERIAL NOe4IN,
MAT-5 -THICKNESS OF MATERIAL NgeStINe

MATERIAL THERMOPHYSICAL PROPERTIES (UNLESS OTHERWISE SPECIFIED)
MATERIAL K C P TM -
ASBESTOS ,254 .386 106. 3000
ATJ GRAPHITE 5106 .387 107.9 6600-
BERYLLIUM OXIDE 29. *420 172. 4500
BORON CARBIDE 40. 0500 1560 4400-
PYlO GRAPHITE &176 A420 140 &600
PYRO GRAPHITE 194. 0460 1400 6600-
T NTALuM CARBIDE As? .OS4 299. 700a
TITANIUM CARBIDE 4*5 *250 3060 5600-
TUNGSTEN G40 0035) 1170. 6100
4130 STEEL 23.7 .107 469.6 700 -
ZIRCONIUM OXIDE .&S4 &200 260 4600

CASE DIA HTC TG MAT-1 NAT-2 MAT-3 MAT-4 Ti T2 T3 T4 DUR WT

TUNGSTEN - ASBESTOS - 4130 STEEL
6-IA 4.000 1700 7000 1.165 0.275 0.250 5394 2977 s0 16 14.74-
G-2A 4Q00 17_ 0 0,23ol .lZLfLfttiiL_ .. h60. 3116 i11 100 47a64
6-3A 4.000 1700 7000 3.000 0.200 0.250 6051 3013 264 96 47044-
6-4A 4.000 1700 7000 1.165 0.200 0.25 %i& 291 32 1& 2&.£1
6-1B 4.000 1700 7000 3.390 0.250 0.250 6109 3010 376 120 99.46-
6-IC 4.ao0 178n 7000 .35" .200 o.2%n &flg ln2n 1271 12n SS.1

6-iD 4.000 1700 7000 1.650 0.110 0.250 5649 2986 1039 30 2172-
6-lE. 4000 1700 7000 2.250 0.150 0, . 9270 2955 1270 42 22.1I
6-IF 4.000 1700 7000 4*500 0*200 0.250 6099 2269 991 160 64.92-
6-1G 49.000 1700 7000 2&910 0&200 0&250 £031 2004 962 90 45.30
6-iM 4.000 1700 7000 4.150 0.200 0.290 6099 2444 1191 150 75932-

6-l 4.000 650 7000 3.390 0.200 0250 5262 3014 1651 165 557-
6-2J 4.000 650 7000 5J50 0&292 0.250 591.Q _IiQ______ L_2.
6-3J 4.000 650 7000 2.000 0.100 0.290 4660 2993 543 66 27.56-
6-4J 4.000 650 7000 1,000 0,100 0.250 4320 3057 199 22 12.19
6-§J 4.000 650 7000 2.500 0.150 0.250 5050 3019 474 96 36.96-
6-1I 4.000 1120 7000 39000 0.200 0.250 5705 2998 328 108 47.44
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Appendix Il

6-2X 49000 1120 7000 2*000 0.200 0.250 5401 290" 142 s0 27.77
6.-tU &.nnl !1In 7800 1.&M 0 -I1* &.JA1 AVI AeL , 01 -a I1&=T
6-4X 4.000 1120 7000 4.000 0.200 0.250 50e3 2993 606 190 71.36
6,.. 4.066 1120 700 &.180 0.221 2.210 iliL10*2 "a0 242 AL .00
6-6X 49000 1120 7000 5.000 0.250 0290 6004 3001 7" 300 99070
6-71 4X000 1120 7000 a0 . 0.210 1q31 s& &I4 & 112.&
6-iX 4,000 1120 7000 6.000 0.250 0.250 5070 2110 469 S0 152.2
&-it 4. 00 70 3.718 o.~oo o.2af £101 14A1 25) 7* £4.01
6-2K 4.000 2400 7000 3*250 0*200 0.250 6099 1022 340 64 53002
A.0K 4.000 240 7000 1000 01169 0.210 Ar626 21 142R A* 4 6r
6-4K 4.000 2400 7000 1,750 0,190 0.250 5902 2906 1455 30 23042
1o-1t 4,000 2400 7000 1.000 8.100 .2A S1191 1841 111 11 12.1
4-6K 4.000 2400 7000 4000 0.200 0.250 6102 1220 110 72 71.34

6-IL 12.00 1700 7000 3.000 0.200 0.250 6107 265 963 60 10006
A-2L 12&00 1700 7000 &*710 0,200 0.210 &014 2*13 111 62 91&02
1-L 12.00 1700 7000 2000 0.160 0.250 6010 3047 912 56 801.5

-4L 12-00 1700 7000 6180 0 0.2s0 4162 2110 402 71 120S.

6-SL 12.00 1700 7000 4000 0.200 00250 6104 1675 300 0 141.5
-L 12&00 1700 7000 1,000 0.117 0.2l 11321 2971 81 10 1.72

4-iM 24*00 1700 7000 2.616 0.125 0.250 6108 28" 1204 54 15504
&-2N 24.00 1700 7000 2.100 0.140 0.m2% &104 1011 107A 12 1J4L.1
6-3M 24.00 1700 7000 3.000 00125 0.250 6114 2483 1136 40 17901
6-4W 24.00 1700 7000 1.500 0.121 0.250 6111 1966 go7 &1 212.1
6-SM 24.00 1700 7000 2.000 0.10 0.250 5923 2934 334 34 1100

6-IN 40000 1700 8000 10620 00110 0,250 6100 2477 531 21 21.24
6-2N 4&000 1700 5000 1.110 0100 .2* 0&260 4070 2470 &2& 20.13
6-3N 4.000 1700 1000 1.250 0.010 0.250 6020 3045 2015 16 15.60
6-4N 4.000 1700 8000 3&000 0.090 O.2SO 4091 611 211 26 47.17
4-iP 4.000 1700 6500 4*000 0.236 0.250 5090 3000 2250 419 132*1
6-P 4,000 1700 6500 1,000 0170 0.210 54A 31 1490 IQ 47,34
G-DP 4.000 1700 600 2,150 0.106 0.250 5490 3016 1797 3+ 30025
6-10 10000 2250 7000 1,500 0,150 00250 5512 3022 150 34 6609
6-20 1.000 2250 7000 2.000 0.150 0.250 5660 3010 290 61 14.15
6-20 1,000 2210 7000 2.S00 0.150 0.210 774 2996 471 97 20.21
6-40 19000 2250 7000 3,000 0,150 0.250 5050 3004 49 144 27.42
6-10 4000 ;700 7Q00 1.41 0.150 0.230 5998 1003 11 29 22.J2
6-20 4.000 1700 7900 2*420 0.200 0.250 6094 2339 110 45 35.51
4-0 4*000 1700 7500 2&040 06200 0.210 6099 1680 134 5S 44.2
6440 4.000 1700 7500 4.060 0.200 0.250 6102 050 91 9 72.93
6-50 4,000 1700 7500 1720 0.120 0,2S0 4011 29"4 1 o 1 22.I*
6-60 4.000 1700 7500 2.250 0.155 0.250 6104 2577 594 43 31.19

6-11 12.00 1360 7000 30150 0.170 00250 6059 3013 1244 90 106.3
6-2R 12*00 1340 7000 2a§00 0&100 0250 5904 300S 4&2 s1 3I1.3,
6-3R 12.00 1360 7000 1.500 0.100 0.250 5474 3019 199 24 46401
6-4R 12,00 1360 7000 .000 0,100 0,2S0 6102 1791 S19 sit 104.2
4-1R 12.00 1360 7000 3250 0.190 0.250 6077 2991 294 95 110.46-6R 11,00 1360 7000 3 500 O.Iso 0,5 a10 &so A164 left lblu
6-7R 12,00 1360 7000 4*000 0,150 0.250 6100 2500 "11 Ile 136,1

6-11 24.00 1130 7000 3.600 0.200 0.10 L00S 2991 119 110 219.7'
6-25 24.00 1100 7000 3.000 00150 0.250 594 3017 357 0 110,0
6-3§ 24e00 1180 ?000 2,500 0.150 09J50 S1n 1979 149 S7 its
6-4 Z4,090 1110 7000 2.000 0.100 00250 5623 Z91 210 39 LlTeS

6-56 24900 1110 7000 1.250 00100 00250 5i4 2991 154 1 7.
6-1U 5,000 1490 7000 3.250 00200 00250 609 298400 99 .le
4d-2U 8.000 1400 7000 2.000 0&100 0.250 $1" 2995 319 40 4§&5
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Appendix II

6-3U 6.000 1480 7000 1.500 0.075 0.250 1523 2998 291 24 33*01

6-SU 6.000 1460 7000 4.000 0.150 0.250 6099 2437 427 121 102.6-
&.a 3.00n 1n ann 7.2nn 0.24 &00 2Isp sea 107 &At

6-1W 16.00 1240 7000 3.350 0.200 0.250 6067 3020 286 99 is66-
&ol 11.00 1240 7000 2.000 0.110 0.210 0&13 2003 171 10 03.73
6-3W 16.00 1240 7000 1.500 00150 00250 5367 2993 113 24 6204 -
A4w 16.00 124n 7000 4.00 &0S.110 .2-0 AlAn 230o &AS 121 137.9
6-5W 16000 1240 7000 3.750 0.i0 0.250 6101 2042 479 115 174.2 -
6- W 18.00 1240 7000 3.100 0&290 0.250 &OAS 293A 20 la 147.2
6-7W 16.00 1240 7000 2.750 0.100 0.250 5923 2996 529 69 127.2 -

6-12 4,733 1216 7000 3.000 0.150 0.250 5616 2996 469 101 52.18 -
6-3Z 4&732 1216 7000 3,300 0&120 0,210 1361 1007 740 121 19.2
6-12Z4.733 1216 7000 3.200 0.120 0.250 5865 3012 712 116 54026 -
6-1324o733 1218 7000 3&220 0, .j....117__l0I6j.....1 47j
-2Z 60700 615 7000 2.000 0.120 0.250 4692 3023 402 61 39076 -

6-6Z 60700 615 7000 2.750 0&200 0.210 s11 2902 14 101 16.32
6-11Z6700 615 7000 2.800 0.150 0.250 5174 2997 506 107 590.1 -
6-14Z6,700 615 7000 2&875 0.150 0 n210 510 2904 S22 112 13.91
6-32 9.610 304 7000 1.000 0.100 0.250 3742 2960 314 34 25046 -

Zu 910 304 7000 l" 000 0,2.Q00A 02 4240 3006 201 an S2&79
6-1029.410 304 7000 29500 0.150 0.250 4419 299 604 123 68921-
__ 12.&j10.304Dt_.L?2,6 a40~n 0.2%n SS 2907 &99 111 &7.04
6-4Z 11.66 205 7000 0.750 09100 0.250 3446 3009 330 34 23.49'-
A-4 11.A 21 7h0 1.000 0.2Q Q.21%n 17la 1n7 292 73 ,.A.TA
6-9Z 11.86 205 7000 2.000 09150 0.250 3949 3009 593 115 6316 -
..... 7 0- +.U 204_llO91003 321 121 A1 99%

TUNGSTEN-ASBESTOS-TITANI UN
_., .... 0 2770 107 129 S999

TUNGSTEN-ASBESTOS-TUNGSTEN
&-3v 4.000 1700 7000 1.00 1.070 0.200 LAOS 10a3 1131 65 1n.1
TUNGSTEN-ATJ GRAPHITE-TUNGSTEN
&-4Y Ann0 170n 7000 oa -o.a.5o i ... A a &do 22 01 4m.22

.. JJiMjM ASBEST0 -41lfl ;TES _______________

10-A 4000 1700 6000 0.940 0.162 0.250 4116 3868 63 13 11050-
10- 4&000 1700 7000 2.222 0.1S3 0.200 3109 21t& 401 72 1l.33

11-A 4.000 1700 6000 050 0.112 0.250 6160 4970 69 6.75 6*26 -
11-8 4900Q 1700 7000 ,I25 0, 11,50. &115 4806 346 30 11.90
13-A 4.000 1700 8000 0.620 0.115 0.250 5560 3090 66 8 10014-
Z-4tQ• AO0 QAQ .L1..I flIOAL0I"Q.. 2 LOZML_ 33 9 1230
21-8 4.000 2350 6000 0.632 0*049 0.250 5541 2771 122 4 7053 -
22-A 4*000 650 6500 1,122 0.146 0.250 4441 3020 234 44 19&77
22-8 4.000 650 6500 3.500 0.100 0.250 5013 2910 1348 200 58*60-
22-C 4.ooo 650 &5OO o,4j+0 0.053 0.20 .-.. 'j1 1 %1_7 220 A &2.
23-C 4*000 650 6000 6.606 0.353 0.250 4332 924 125 250 161.9-
23-A 24.00!.700000..289 0,501000} .0 Z._._2A
23-8 4.000 2390'8000 1.015 0.065 0.250 6118 2737 139 6S75 12.33-
TUNGST EN- ASBESTOS Me Q- s.QO Q -o•LtL4. _Tf,
1-A 49000 1700 7000 3.350 0.194 0.250 6094 3001 170 103 55031-
2-A 4.&0090 U70.0_0001t0. Q.04.. 0s250 6065 2999 665 1....... L4 21.60.
TUNGSTEN-ASOESTOSIC.O.116)-4130 STEEL

___+-A.4__t000A10.__Q0__l.00k...20.......~.. 60 *299.4..20 ... ____11:.... 6_7..
TUNGSTEN-ASESTOSIK.1e500.CO116)-4130 STEEL
4-A 4.000 1700 7000 3.310 0,972 0.210 6114 2989 241 123 S7.47
4-B 4.000 1700 7000 1.650 0.446 0*250 5664 2966 254 31 22.47
4-C 4.000 1700 7000 2,210 0.393 0.200 f.ll7 3001 233 13 13.31
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Appendix II

4-0 4.000 1700 7000 2.910 0,842 0.250 6042 2994 316 as 47.15TIIMOIT iM A[3Et?0 is 1. &1 10 ATIII
S-A 4.000 1700 7000 30590 0.530 0.250 6140 2993 592 135 54022
5-9 4.000 1700 7000 .3&SO .27S 0.250 S&A& 2911 70 12 72.04
5-C 49000 1700 7000 2.250 0*395 0*250 5916 2995 398 61 32.72
5-0 4.000 1706 7000 2.910 0.&7% 0250 4034 29*2 404 1*1 3. 13
TUNGSTEN ( K a 10.0 )-ASBESTOS-4130 STEEL
20-3 4&000 1700 7000 O.4 7 0.037 0.210 4109 233 141 .I2U
20-E 4.000 1700 TO00 1.165 00200 0.250 6105 1623 60 11 14061
17-F 4.000 1700 7000 2.250 0.130 0.250 4103 30 30 16 12.L
17-M 4*000 1700 7000 2*250 0.150 0.250 6104 60 60 20 32.16
TUMGATENIKu20. -ABAESTOA-411 STEEL
20-M 4.000 1700 7000 1.165 0*100 0*250 6102 2044 147 25 14043
17-H 4.000 1700 7000 2.210 0.10 ft.250 £067 *le &1 2- 12&1&
TUNGSTEN( K-25)-ASOESTOS-4130 STEEL
20-L 4.000 1700 7000 1.145 0.100 0.240 6091 2737 32 2 14.41
TUNGSTEN ( K. 30.0 -ASBESTOS-4130 STEEL
20-A 4.000 170n 7000 1.471 Q0.113 0.210 £11 2729 22 17 13.04
20-F 4.000 1700 7000 1.165 0*200 0.250 5996 2963 90 26 14061
17-0 4.000 1700 7000 2.2Q0 0.150 0.290 £104 1113 112 §1 12-1L
TUNGSTEN(KSOo.)-ASSESTOS-4130 STEEL
20-D 4.000 1700 7000 1,165 0&200 0.250 5542 295& 23 12 14.&l
17-E 4*000 1700 7000 2.250 0.150 0.250 6020 2906 276 62 32.16
TUNGSTEN(KuO.)-ASOESTOS-4130 STEEL
20-K 40000 1700 7000 1.165 0.100 0.250 5095 3065 132 14 14043
17-J 4000 1700 7000 2.20 0M150 0.2S0 5410 2934 197 46 12&1
17-J 4.000 1700 7000 2*250 0.150 0.250 6094 4301 489 73 32.18
TUSMTEN.K20.CEO0O653)-ASESTOS-4130 STEEL
17-A 4.000 1700 7000 2.250 0.150 0.250 6100 302 64 52 32.16
_20-J.4 0 1700 7000 1.165 0.150 0.2S0 6102 2093 146 43 14.12
TUGSTEN(Km30*O0COO6053)-A$BESTOS-4130 STEEL
20-G 4.000 1700 7000 1*165 09200 0.250 5969 2993 126 47-T 1.1
21-C 49000 1700 7000 2*250 0.150 0.250 6103 1562 212 94 6067
TUNGSTEN.IK~50*C=o. S53)-ASSESTOS-4130 STEEL
17-8 4.000 1700 7000 2.250 0.150 0.250 6013 2994 509 113 32.18
20-H 4.000 1700 7000 1.1&5 0.150 0.20 542 1019 147 1 ti.34
TUNGSTEN(K*80.O C*0.6053)-ASSESTOS-4130 STEEL
17-G 4.000 1700 7000 2.50 0.110 0-250 5301 2039 1 " 12-1*
20-N 4.000 1700 7000 1.165 0.150 0.250 5063 3025 120 25 14.52
TUNGSTENIKll* CiOO&S2)-ASAESTOS-!1O STEEL
17-N 4.000 1700 7000 2.250 0.150 0.250 5295 3012 304 66 2.16
170i M IR0 17011 7 000 " W 50 0 .15 I 60-a" I 4 "in6 . Ila -az a t
-4 ,000 1700 7000 00250 5Z96 A99l164 64b

' TUNGSTENIK1500*COeOG53)-ASBESTOS-4130 STEEL
17-0 4,000 1700 7000 2*2S0 0.1S0 0.Q2S0 2990 203 21& 51 12.1*
17-0 4.000 1700 7000 2.250 0.150 0.250 6104 5199 1229 126 32.147- 4..QOO1700 7000. 2025D00,ID O.SF=- & zvz 7 141 3W .

-17-IL 4.000 1700 7000 2.250 0.150 0.250 6095 5169 654 70 32,10

TUNGSTN-ZRO-4130 STEEL (MERN MOTOR DESIGN DATA)
?-IA 0.700 1310 Pilj7 192OQ.._45o 0.,25.... [ .. 4_ .. ... .IT_
7-2A 0.700 1310 6167 00060 0.300 0.250 4462 4743 60 4 0.43
7-3A 0.700 1310 6187 19000 09345 0.250 5274 4595 626 74 4*93
r-3 0070 U17.U -----"5- F5--o ... " O-,6 1WT4IT.U
7-4A 0.700 1310 6167 0,600 0.375 0.250 5219 4591 506 49 8*TT7-40 0.700 1310 61170 00 0219 OZ O 5405 4372 75 of 30617-SA 0.700 1310 6187 0.600 0.316 0250 5162 4612 236 30 2*62
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Appendix H

7-56 0.700 1310 6167 0.600 0.226 0.290 5169 4455 609 30 2.47
7...A* fl.7w 1t1A AIM? A hSm1 nmh 2 i4*9&A3 I1 I

7-48 0.700 1310 6167 0.450 0.179 0.250 5057 4" 796 16 1.14
7-?A 8.7fia 1111 127 n.2na n.8 .2 £0-2 4A 20 1.

7-78 0.700 1310 6167 0.300 0.13l 0.250 4993 4610 616 10 1.S3
708A 0.70 111 £127 8.158 8.110 8.258 I216 A --a &"
7-88 0.700 1310 6167 0.150 0.062 0.250 4647 4602 844 4 0.63
7-4c 00?00 1310 5600 0ama0 0.202 0.115 5002 4)1 637 76 2.4
7-SC 0.700 1310 5600 0.600 0.238 0.119 495 4593 4S5 41 2.16
7-6C 0.700 1310 5600 0*450 0@183 00115 4906 44i7 510 16 1.41
7-7C 0.700 1310 5600 09300 01595 0.115 4840 4963 511 14 0.92
7-IC 00700 1310 5600 0,150 0.1SS 0.2180 4795 447 I1 a a.47

ATJ GRAPHITE-ZRO-4130 STEEL
27-A 4*000 2390 8000 0*565 0.087 0.250 6640 4314 249 8 1.96

TITANIUM CARBIDE - ASBESTOS - 4130 STEEL
2~.-__ _~.20_AAQ ._0._0Q0 1.L7_.16 0.258 s559 1O1 102 26a 6.5
24-8 4.000 650 6000 0.996 0.250 0.250 55564 239" 47 200 4*20
6-A 4.000 1700 7000 0&140 0*040 0 &710 19SA 94 ,ts 1.
TITANIUM CARBIDE-ASBESTOS(K.1.500.C 3.1161-4130 STEEL
7-A__tD.QO_.iD..7.Q O.. .QeaIAO. .. 17 0.250 s6ms 1R2 116 1.56
TITANIUM CARBIDE-ASESTOS(CO0.116)-4110 STEEL
14-AOOD.I6 J.70..D~f.0.D*1...0.009.7.25 %A12 1819 112 1 1.8*
TITANIUM CARBIDE-ASOESTOS(Ku1,500)-4130 STEEL
15-A 4&000 170n 7000 0.140 0.74 0.25A 146, 2072 91 1 1-

TITANIUM CARBIDE. ( ..K uI5.0._.)_A_..8E _30 STEEL
14-B 4.000 1700 7000 0.445 O,100 0.250 566 196 365 11 2.45
15- 4.000 ._17 7000.676 _ 6105 275 175 27 1.14
19-C 1700 7000 0.650 0.050 0.250 6093 2792 44 26 2.9
TITKNIUM CARBIDE ( K a 20.0 )-ASBESTOS-4130 STEEL
24-C 4.000 1700 7000 0.927 0.129 0.250 6100 2764 19 39 4.11
24-g..4. ..1700_700.0..,99. o7_.---.......6096 2612 400 33 3.7
TITANIUM CARBIDE ( K a 30.0 )-ASBESTOS-4130 STEEL

__ " , O 14C J.0 1700 .0Oqqg 41A0.1.jQ.~ 4 101 2613 256 At 6.37
14-0 4.000 1700 7000 1.450 0.120 0.250 6106 2804 396 69 4.21
TITANIUM CARBIDE ( K a 50.0 )-ASBESTOS-4130 STEEL
24- 4ooo 1700 7000 2*727 0.213 0.250 6100 2696 422 119 12,OW
24-F 4.000 1700 7000 20700 0.200 0.250 6102 2922 463 157 12.46

TANTALUM CARBIDE-ASBESTOS-4130 STEEL
25-A 4.000 2390 8000 0.226 0.043 0.250 7052 2950 144 4 2.67
&1-1 4.090 650 00 0,464 0,096 0.250 5125 3014 279 3io 5.1*
29-C 4000 650 7000 0.236 0.056 0.250 5222 3064 162 029 1.6
25-J 4,000 650 4000 0,00 0,150 0.230 5402 2992 364 so 7.21
TANTALUM CARBIDE ( K a 20.0 I-ASIESTOS-4130 STEEL
22-0 4,000 1790 7000 00927 0.101 0.250 610l 2761 16 l 18.49
TANTALUM CAROIDE ( K a 35*0 )-ASBESTOS-4130 STEEL
10-F 4.000 1700 7000 1.764 0.168 0*250 4103 2821 244 56 18.72
25-H 4.000 1700 7000 1.650 0.100 0*250 6109 3004 410 93 17.11
TANTALUM CAROIDE ( K a 50.0 I-ASBESTOS-4130 STEEL ___________

25-E 4.000 1700 7000 2.730 0.168 0.250 6090 2632 362 100 34093
TANTALUM CARBIDE ( K a 70.0 I-ASSESTOS-4130 7TEEL _...

25-G 4*000 1700 7000 4.210 0.201 0*250 6102 2970 600 19 99089

ATJ GRAPHITL-ASBESTOS-4130 STEEL
26-A 4.000 2390 6000 1.154 0.082 09250 6712 2744 133 16 2.73
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Appendix II

246 49000 1700 7000 0.770 0.067 0.250 576 3064 15 9 2011
26-C 4&000 &30 £00 3.477 0&22& 0&296 434 119 111 23a0 14-4

26-0 4.000 650 6000 2.000 0.100 0.250 4555 3001 742 69 4059
26-[ 40000 1700 7000 2.000 0.200 00230 5994 300 17 49 4.0
26-F 4.000 2390 8O00 1.000 0.00 0.250 6452 5156 210 11 2.45
260-G 4000 2190 000 2.000 0.100 0.230 0693 les 133 23 419t

TUWGSTEN - ATJ GRAPHITI - AMESTOS - 4130 STEEL
10-A 4.000 1700 7000 0.250 0.500 0.100 0.250 5016 4015 297 99 6 401
16-A 4.000 1700 7000 00250 0.00 00100 0.250 6099 116M 5094 207 1 4.1
16-6 4.000 1700 7000 0.250 1.000 0.100 0.250 5942 4762 3032 173 20
16-0 4.000 1700 7000 0&250 1,000.0,100 0&260 A092 064 4401 "*1 24
16-C 4.000 1700 7000 00250 10500 0.100 0.250 5603 5151 299 S01 S7
18-C 4.000 1700 7000 0.250 .00 0.100 0.520 A103 S017 1932 304 32
16-1. 4.000 1700 7000 0.250 2.000 0.050 0.250 1996 5447 3012 1014 63 6.66
16-M 4.000 1700 7000 O.250 2.S00 0.100 0:250 6101J 603 IM .9_7_.91_...*1.
16"U 4*000 1700 7000 0.250 20750 0.100 0.290 6105 5611 2613 706 101 0069
16-N 4.000 1700 7O00 0.230 3.000 0.030 0.250 A049 3324 21110l21 160 9.19
16-V 4.000 1700 7000 0.250 3.500 0.100 0.250 6102 9406 2234 44 126 10.64
1|=Q 4000 1700 7000 0.2S0 4.300 0.100 0.2S0 099 3000 1370 3n2 11 1.36
10I- 40000 1700 7000 0.250 6.000 0.100 0.250 6101 5602 650 346 171 16.72
16-6 49000 1700 7000 p.500 10O00 0.100 0.250 546 4192 5100 216 26 7.76
16-44 4000 1700 7000 0.500 2.000 0.100 0.250 6057 5036 5019 562 74 9.o1
16-T 4.000 1700 7000 0.300 2.0 0 0.100 0.290 6103 s179 2936 199 9 1074
16-J 4.000 1700 7000 00500 20500 0.050 0.250 6104 5174 2824 1314 103 10087
16-K 40000 1700 7000 0.00 .000 .030 0.230 0104 5170 2445 1921 121 1211
16-X 4000 1700 7000 0.500 3.500 0.100 0.250 6104 5169 2136 692 136 13.65
1.- 4.000 1700 7000 0.750 hSO0 00100 0.210 5949 44S2 1030 471 59 11.0
16-1 49000 1700 7000 0.750 2.000 0.100 0.250 6071 4723 3005 675 68 12.92
16-Z 4.000 1709 7000 0.750 2.00 0.100 0.230 £100 4730 271S 711 111 14.1
16-Y 4.000 1700 7000 0.750 3.000 0.100 0.250 6101 4776 2513 694 129 15.47
16=2- 4*O0 170 700 9750 3s59) moo 0000250 410 4774 202S r~ 145 16aft
14- 4.000 1700 7000 1.000 0.500 09100 0.250 5601 3391 SM0 214 26 13.07
I-7 4.00 1700 7000 1000 0.500 0.10OQ.250 6096 4643 4351 547 43 1307
16-7 4.000 1700 7000 1.000 1.000 0.100 0.20 5650 369 3041 375 46 14005
I2-P 4.000 1700 7000 1,000 1S000 04100 02200 I10 4031 11 139 43
16-P 4.000 1700 7000 10000 1.000 0.100 0.250 6106 4556 175 6462 63
"16"e 4.000 1700 7000 1.000 1.500 0.100 00250 5993 4191 2994 554 71 15.12
16-9 4.000 1700 7000 1.000 2.000 0.100 0.250 6110 4481 3008 761 104 16.0
14-0 4.000 1700 7000 1,000 2e200 09100 0.250 6110 4471 2651 720 112 1600
16-C 4.000 1700 7000 1.000 2.550 0.100 0.250 6102 4435 2700 752 116 17.16
16-P 4.000 1700 7000 1.Ooo 2.30 OsjQ.t. .-JfOA. A42 259S 746i 122 17.17
1-R 4.000 1700 7000 1.000 3.000 0.100 0.250 6102 4426 2237 696 139 16.94
1"- 40090 J706 T00 1.000 31000 0.100 0.250 6102 44A2 2219 &6U 119
14-G 4*000 1700 7000 1.000 4*500 0.100 0*250 6100 4402 1351 465 175
1-4 4.000 1700 7000 1 &000 O .000 00100 0.230 6100 4U9 741 29A 1&9 29.22
16-J 4.000 1700 7000 2.500 0O500 0.100 0.250 6059 3139 2999 746 96
16-6 49000 1700 7000 2,500 0.65 0.10 0o.l0 6100 3221 299 423 120 39.11
16-K 4.000 1700 7000 2.500 1.500 0.100 0.250 6102 3035 2461 806 145
16-L 4.000 1700 7000 2.500 2.500 0.100 0.230 4099 2695 1634 4"6 177
1-w 4.000 1700 7000 2.500 3500 0.100 0.250 6101 2654 1521 503 200
10.. 4.000 170000000 2.00 221jkOO*)Lfl~nhfl--IAO.. 279i143 211
16-A 4.000 1700 7000 5.000 OSO0 0.220 0.250 6109 2965 2660 302 121 46.79
TUNGSTEM K-25.0l-ATJ GRAPH ITE-ASBESTOS -41ljTJ.30 .....
1I-S 4,000 1700 7000 100 0.500 0.100 O2SO 6090 4622 4012 468 42
19-f 4.00 1790 709oo0 o.,QO 0.1oo 0.o210 5740 371, 29 220 31
i-T 4.000 1700 7000 1000 1.000 0.100 0.250 6012 4464 5019 436 S7
16-U 4.000 1700 7000 1000 1.500 0.100 0.250 6097 4469 2192 100 TO
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Appendix II

6-V 4.000 1700 700 1.000 2.00o .100 o.25o 6099 4443 12
11

-- &.9Ev !!p, 4: aia 1:0 f t*ipp a.? * 01 17
10-x 4.000 1700 7000 1.000 3.500 0,100 0.250 096 4452 307 99 60
I&--, &.nO 17nh000 i.noo &.71o 1 st III AS an

TUNGSTEN - IEO - AARESTO - 6110 ATFFL
19-H 4*000 1700 7000 0.750 0o750 0.100 0*250 5944 4463 2972 369 46 10.64 .
16.. &.000 1700l 7000 1.0O0lf 0l.71 0.100 0.240 4000 &213 1000 442 40 1&.10

19-J 4.000 1700 7000 10000 0000 0.100 0.250 6030 4313 3020 502 65 14020-
11- 4.000 1700 1000 1.000 .10 0.100 0.240 4043 4114 29M7 131 At 14.42
19-F 4.000 1700 7000 1.000 1.000 0.100 0.250 6101 4441 2447 191 62 1404"
19-E 4.000 1700 7000 1.000 A.la0 0.100 0.210 4101 44I 2031 449 102 1A.41
19-0 4.000 1700 7000 1.000 2,000 0.100 0*250 6105 4435 1326 323 114 11016"
19-C 4.000 1700 7000 1.000 2.50 0.100 0.210 4101 4420 911 223 114 19.4"

19-6 4.000 1700 7000 3.000 0*30 0.200 0.250 6104 2944 2786 362 129 46i76"
19-A 4*000 1700 7000 3*230 0.250 0*220 0*250 6j0l 27"3 261 31§_ 136 56.37
TUNGSTEN-BEOIK.15e)-ASBESTOS-4130 STEEL
19-4. 4.000 1700 7000 1.000 100 0100 0.290 102 4476 IMS In& 70 14.34

TUNGSTEN " BORON CARBIDE - ASBESTOS - 4130 STEEL
26-E 4*000 1700 7000 0.250 1*500 0*100 0*250 5:29 4401 726 67 24 6*73
26-0 4*000 1700 7000 0.2S0 2W00 0.100 0.250 5363 4434 145 31 26 9*63
20-B 4.000 1700 7000 0*750 2.000 0.010 0.250 5542 3357 2997 2626 66 14903'
28-C 4.000 1700 7000 0.7S0 2.100 0.100 0.260 1370 242& -37 049 114 ls.90
26-J 4.000 1700 7000 0.750 3.000 0.100 0.250 6102 4765 1624 601 190 17.70"
28-( 4.000 1700 7000 0.71 S .000 0.100 0.210 4097 4740 1211 440 200 10.44
26-N 4.000 1700 7000 1.000 1.000 0.100 0.250 5970 4115 3021 G0 77 14 66'
28-H 4.000 1700 7000 1.000 1.230 0.1o0 0.290 6048 4303 3001 797 101 1S.37
26-A 4.000 1700 7000 1.000 2.000 0.100 0.250 6060 4363 2326 767 150
'26" 4*000 1700 7000 1.000 2SO0 0.100 0.20 4103 4414 1967 727 132 19.43
26-L 4*000 1700 7000 1.000 3.000 0.100 0.2S0 6101 4403 1537 567 200 21.30
23-U 4.000 1700 7000 1.000 1.100 0.100 0.240 4032 4 a14 107 107 266 2t.12

TUNGSTEN - PYRO GRAPHITE - PYRO GRAPHITE -_4130 STEEL
30-A 4*000 1700 7000 1*000 2.000 0*200 0.250 5772 3510 2996 170 106 15*2'
30-A 4.000 1700 7000 1.000 2.000 0.20 0.210 4021 4227 1310 122 110 11.32
30-E 4.000 1700 7000 1.000 1,000 0.200 0*250 6099 4504 4316 177 67 14076
26-J 4.000.1700 7000 a.I50 2.100 0.200 0.240 006 42I &113 410 2A* 17.07
30-8 4.000 1700 7000 0.750 2.000 0.200 0.290 5634 3644 3011 136 8 14019
20- 4.000 1700 70O 0.730 2.000 0.200 0.2S0 4100 4710 4214 246 110 14.11
30-F 4.000 1700 7000 0.750 1.000 0*200 0.250 6096 4628 4615 196 75 11044
0-C 4.000 1700 7008 00SQ 2&000 A200 a.20 410 11"1 4784 141 114 10.9&
30-G 4.000 1700 7000 0.500 1.000 0.200 0.250 6101 5200 4955 97 65 8636
1 0-0 4.000 1700 7000 0.210 2.000 0.200 0l.240 410* 441* 407 i11 1'11 .

30-H 4.000 1700 7000 0.250 1.000 0.200 09250 6095 5607 5317 115 50 5.59

PYRO GRAPHITE - PYRO GRAPHITE - 4130 STEEL
31-A 4.000 1700 7000 2.000 0.130 0.250 4419 2437 90 31 3.27
31-A 4.000 1700 7000 2.000 0.150 0.250 6623 6342 1165 150 5.27
31- 4*000 1700 7000 2&300 0.150 0.2 0 2 4411 129 33 4.41
31-6 49000 1700 7000 2.500 0.150 0*250 6700 6420 1951 236 661
31-C 4.000 1700 7000 1,500 0,100 Q_ ...o 4A.. 113 3094
31-0 4*000 1700 7000 0.500 0.100 0*250 6697 4493 343 26 1.92

PYNO GRAPHITE - BORON CARBIDE - ASBESTOS - 4130 STEEL
32-A 4,000 1700 7000 1.000 1000 0.100 0.210 Sn6 4404 2327 a32 54 1.30
32-4 4.000 1700 7000 1000 2.000 0.100 0.250 5260 4301 995 164 64 s.33
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Appendix II

TUNGSTEN-PYMO GRAPHITE-ASKISTOS-4130 STEEL

33-6 4.000 1700 7000 1.000 19000 0.100 0.250 9652 1272 3004 446 52 14.46li-C &.800 1Tan 7000 1.000 1.000o 0.100t 0.2o 07)1 05107 2000S A£5 7* 10J71

33-0 4.000 1700 7000 1.000 2.000 0.100 0.290 5776 516 2997 671 109 17.23
Sia. &.00 1700 7000 1.0*0 2.000 0.100 0.20 Si,1 5A27 00*1 10 -l6 19.21
33-F 4.00 1700 7000 1.000 3.000 0.100 0.290 5160 3724 3006 1311 186 20.19
aa-A. 000 1700 700.000 0. 00 0.100 0.200 0071 22 1026 IA%_ 1 7.Q&
33-H 4.000 1700 7000 0.500 1.000 0.100 0.290 9227 3497 3002 260 29 6.11
5-J 4.000 1700 7f00oG.SnO 1.ono o.iOn o, o ia&j 1s! jh .lg..jl.._
33-K 4.000 1700 7000 0.500 2.000 0.100 0.290 5454 3621 3005 96 69 10063
11-L 6.00a 1700 7000 0.0l0 7.100 0.10 0.20 107 7q D 1002 772 2 0 1_ I-"
33-M4 4.000 1700 7000 0.500 3.000 0.100 0o290 5467 4077 2996 964 125 13 66

CASE DIA MAT-1 MAT-2 MAT-3 MAT-4 MAT-S Ti T2 T3 T4 TS OUR WT

TUNGSTEN-ATJ GRAPHITE-BORON CARBIDE-ASBESTOS-4130 STEEL CHTCI"OOTG=7000
26-A 4.000 0.700 1.00000 0, SA AS O 1671 &AA 27_S $l 127
34-C 4.000 0.500 1.000 1.000 09100 0.290 6101 5169 3696 2926 610 112
%&_gt 6.000 0.2l .
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